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We investigate the dynamics of a food-chain system with digest delay and periodic harvesting for the prey. By using the comparison
theorem, small amplitude skills in the impulsive differential equation, and a special qualitative analysis method in the delay
differential equation, we prove that there exists a predators-eradication periodic solution which is globally attractive and show that
the pest population can be controlled under the economic threshold level and the system can be uniformly permanent when the
harvest period T is long enough or the harvesting rate § is not too large. Furthermore, we perform a series of numerical simulations
to display the effects of the digest delay and periodic harvesting on the dynamic behavior of the food-chain system.

1. Introduction

It is now widely believed that pest outbreaks often cause
serious ecological and economic problems. As a result,
ecologists and mathematics acknowledge the importance of
controlling insect pests of agriculture and insect vectors
of plant [1]. Integrated pest management involves choos-
ing appropriate tactics from a range of pest control tech-
niques including biological, cultural, and chemical meth-
ods to suit individual cropping systems, pest complexes,
and local environments [2-4]. For example, as concerning
the chemical control strategy, it seems to be quick and
efficient to decrease the pests population by the chemical
insecticides in a short time. But when we use excess of
chemical insecticides to kill the pest population, not only
is the environment polluted, but also the natural enemies
(or beneficial species) will be killed at the same time,
even leading to the adaptability of the pests and the inef-
fectiveness of the insecticides. And this will lead to the
waste of the manpower and material resources and we
cannot reach our expected results, even bringing negative
effects. And as concerning the biological control strategy,

that is, stocking the natural enemies periodically by arti-
ficial culture or immigration, we can avoid many human
losses caused by environmental pollution in this way, while
it will take us a long time and a complex process for
the culture of the natural enemies. Therefore, it is impor-
tant to establish mathematical models to provide valuable
information about how to control pest outbreaks, especially
to study the dynamical behavior of the pests and their natural
enemies.

On the other hand, when the prey-predator system is
referred, sometimes there is a digest and absorption time
(which is the so-called digest delay) during the predation
instead of translating the food into growth rate immediately.
Hence, in order to model the relationship between the
predator and the prey more accurately, it is more reasonable
to introduce time delay into the model. Usually, there are two
kinds of delays in the ecological model, that is, discrete time-
delay and distributed time-delay (continuous time delay).
Recently, it seems that much more attention is paid on the
models with impulsive perturbations and time delay [5-13],
and some of them [5-8] trend to focus on the impulsive
model with distributed time-delay, in which a kernel function
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E(t) = ae™*,a > 0. To the best of our knowledge, the study on
the effect of the discrete time-delay on the impulsive system
seems to be rare.

Recently, in an effort to seek more efficient pest manage-
ment strategies, Yu et al. [14] considered an ecological model
with impulsive control strategy as follows:

dx _& _alx(t)y(t)_azx(t)z(t)
E‘”x(t)<1 k1> brxt)  bax®
@_ _y(t)) elalx(t)y(t)_a3y(t)z(t)
dt_rzy(t)<l ) T hex bry®
dz _eax()z(t)  esay(t)z ()
& hrx®) | baye O
t+nT, neN",
Ax (t) =0, Ay(t) =0, Az (t) = p,
t=nT, neN",
@

where x(t), y(t), and z(t) are the densities of one prey and
two predators at time £, respectively, and Ax(¢) = x(t*) — x(¢),
Ay(t) = y(t*) — y(t), and Az(t) = z(t7) — z(t). r; (i = 1,2)
are the intrinsic growth rate, a; i = 1,2,3) and b, (i =
1, 2) measure the efficiency of the prey in evading a predator
attack, and b, has similar meaning as that of .. e; (i = 1,2, 3)
denote the efficiency with which resources are converted to
new consumers, k; (i = 1,2) are carrying capacity in the
absence of predator, m is the mortality rates for the predator,
T is the period of the impulsive effect, n € N, N is the set of
all nonnegative integers, and p > 0 is the release amount of
predator at t = nT.

In [14], the authors studied the food-chain prey-predator
model (1) with periodic release on the higher predator (enemy
population) z(t) and discussed some efficient biological
control strategies for the system. But they had not considered
the affection of the digest delay.

Based on the discussions above, we consider the following
food-chain prey-predator model with periodic harvest on the
prey (the pest population) x(t), but the lower predator y(t)
only lives on the prey. That is, if the prey x(t) is extinct, the
lower predator y(t) has no other food resources, and it is
inevitable to be extinct. Furthermore, we assume that there
is a digest and absorption time 7 during the predation of
the higher predator z(t) instead of translating the food into
growth rate immediately, and the final model we will study in
this paper is as follows:

dx _ . _ax®y®) _ ax©z@
g X0 dx ) - T
Q _eayx (t) y(t) B azy (t) z (t) .

2
ar - b rx() ry () —dyy™ (1),

by + y(t)

% Ceax(t-1)z(t-1)

dt by+x(t-1)
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esazy(t—-1)z(t—1) B

t)

by+y(t-1) mz ()

t+nT, neN",
Ax (t) = -8x (1), Ay(t) =0, Az (t) =0,
t=uT, neN",

2)

where d,,d, > 0 are the coefficients of density dependence
of x(t) and y(¢); since the higher predator population always
have stronger ability to migrate, then it is more possible
for them to escape from the inner competition. Thus, the
impact of density dependence is relatively small, so we do
not consider the density dependence of higher predator z(t)
in the model. Further, , is the intrinsic increasing rate of the
prey population x(¢), r, is the death rate of the lower predator
y(t),a;and b; (i = 1,2, 3) measure the efficiency of the prey in
evading a predator attack. e; (i = 1,2, 3) denote the efficiency
that resources are converted to the new consumers, and m is
the mortality rates of the higher predator. 0 < § < 1 is the
harvesting rate at the periodic time t = nT (n € N*), and the
initial condition for system (2) is

(@1(9),9,(5), 95 (5)) € C, = C([-7,0],R]),
(3)

9 (0)>0, i=1,23.

From the viewpoint of ecological meanings, we only
consider system (2) in the nonnegative region D = {(x, y, 2) |
x>0,y>0,z >0}

The rest of this paper is organized as follows: in Section 2,
we will give some basic definitions and several useful lemmas
for the proof of our main results. In Section 3, we will state
and prove our main results such as boundedness of the solu-
tion, global attractivity of the predators-eradication periodic
solution, and sufficient conditions for the permanence of the
system. In Section 4, we give some numerical examples to
support our theoretical results. And in the last section, we
provide a brief discussion and the summary of our main
results.

2. Preliminaries

Let R, = [0,400), R> = {(x,y,2) € R> | x > 0,y >
+ + Y + Y

0,z > 0},Q = int R?, N be the set of all nonnegative integers.
Denote as f = (f;, f,, f5) the map defined by the right-hand
side of the first, second, and third equation of the system (2).

LetV: R, xR} — R,;then V is said to belong class V, if

(1) V is continuous in (nT, (n + 1)T] x Ri, and for each
x€R}, neN*,

lim V(t,y)=V(nT", x) exists;
oplim (t.y)=V( ) (4)

(2) V is locally Lipschitzian for x.
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Definition 1. V € V; then for (¢, x) € (nT, (n+ 1)T'] x Ri, the
upper right derivative of V (¢, x) with respect to the system (2)
is defined as

V(t+hx+hf(tx)-V(tx)
p :

D'V (t,x) = hlim sup
— 0
€)

Definition 2. System (2) is said to be permanent if there exist
positive m;, M; (i = 1,2,3) and T, such that for any ¢t > T,
each positive solution X(t) = (x(t), y(t), z(t)) of system (2)
satisfies with

my < x(t) < My, my < y(t) < M,,

(6)

my < z (t) < Ms.

The solution X(t) of system (2) is a piecewise continuous
function. X : R, — Ri is continuous on (nT, (n + 1)T],
and X(nT*) = lim,_, 7+ X(t) exists, where n € N. The
smoothness properties of f guarantee the global existence
and the uniqueness of solution of system (2); more details can
be seen in the books [15, 16].

Also, we will use the following comparison theorem of
impulsive differential equation (see, [15]).

Lemma 3. SupposeV € V,, X(t,) = X,, and assume that
D'V(EX )< (2) gtV (X)), t#nl,

V(LX) <@y, (VX ®0)),

(7)
t =nT,

where g : R, xR, — Riscontinuousin (nT, (n+1)T]xR, and
foreach u € Ry,n € N, lim ) _, i+ 109t y) = g(nT",u)
exists, ¥, : R, — R, is nondecreasing.

Let r(t) be the maximal (minimal) solution of the scalar
impulsive differential equation

du
I =g(tu(t), t+nT,
w(ty =y, @®), t=nT, ®)
u(0%) = u,.

existing on [0,+00). Then V(0",X,) < ()u, implies that
V(t, X(t)) < (2)r(t),t = 0, where X(t) is any solution of (2).

Lemma 4 (see [17]). Consider the following delay differential
equation:

% =rx(t—-1)—1rx(t)), 9)

where ry, 15, and T are all positive constants and x(t) > 0 for
allt € [-7,0].

(1) Ifr; <1y, thenlim, _, . x(t) = 0.

(2) If ry > 1y, then lim, _, ( x(t) = +0o0.

In order to discuss the predators-eradication periodic
solution of system (2) in the next section, we will give some

basic properties about the following subsystem of system (2)
at first:

d
d—f=x(f)(r1—d1x(t)), t # nT,
x(t)=(1-8)x(t), t=nT, neN", (10)

x(07) = x,.

It is easy to solve above system (10) between pulses,
yielding

j = rx (nT™)
x(H) = d,x (nT*) + [r; — dyx (nT*)] exp (=r, (t — nT))’
temT,n+1)T], neN"
(11)

Then we can obtain the stroboscopic map of (11) as
follows:

r (1=8)x(nT")
dyx (nT*) + [r; —d,x (nT*)] exp (-1, T)

x((n+1)T") =

2 F(x(nT")).

(12)
If we denote u = x(nT™"), then
rn(1-0)u

F(u) = L ,

®) dyu+ (r, — dyu) exp (-r,T) (13)
which has two fixed points:

1-6- - T

uik — 0) M; — 1"1( exp( r )) (14)

dy (1-exp(-nT))

Then we have Lemma 5 for the subsystem (10) by the
method in [9].

Lemma 5. Suppose 8* = 1 — e "7, and then we have the

following results.

(1) If 8 > &7, then the trivial periodic solution of system
(10) is globally asymptotically stable.

(2)If 6 < &%, then system (10) has a unique positive
periodic solution x* (t) which is globally asymptotically
stable.

Proof. If 8 > §”, we can see that the stroboscopic map of
(11) has a unique trivial fixed point u; = 0, and by a direct
calculation we can obtain

dF
du

1-8
=—— <L (15)

—r
1
u=uy e

Hence, the trivial periodic solution u; = 0 is globally
asymptotically stable.



If§ < &7, the subsystem (10) has a trivial fixed point u] =
0 and a positive fixed point

. _n(1-0-exp(-nT))

> d (1-exp(-nT))
Moreover,
a)) 1m0, 17
du - - enT : ( )

So the trivial periodic solution u; = 0 is not stable.
Now we consider the stability of the positive fixed point
u.
In fact, if we substitute
r (1-8-exp(-rT))

S S ety

into (11), then we can get

r (1-8-exp(-rT))

x 0= d,(1-8—exp(-nrT))+8exp(-r (t —nT))’

X (nT+) - % (0+) _ 51 (1 -0- €xp (_rlT))

, neN".
d, (1 - €Xp (_rlT))

(19)

which is a positive periodic solution of system (10).

In the following we will show that the positive periodic
solution is globally asymptotically stable.

In order to do this, we take the transformation x(t) =
1/u(t) for system (10), and then the following linear nonho-
mogeneous impulsive equation is obtained:

du
i dy—ru(t),

u(t) =

t #nT,
(20)
t=uT, ne N".

—u(),

Thus, x(t) = x(t, x,) is the solution of system (10) with
initial condition x(0%) = x, if u(t) = u(t, x,) is the solution

of system (20) with initial condition u(0") = u, = 1/u,.
Let

L s
n(t,s): H me 1 (¢ ) (21)

s<nT<t

By the Cauchy matrix of the respective homogeneous
equation, we have that

ut)=n(t,00u(0") +r r n(t,s)ds (22)
0

is the solution of system (20).
Thus,

|u(t) —u” ()] =n(t,0)|u(0")—u" (07)]. (23)
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On the other hand, when 8 < 6%,

—rit n
n(t,0) = H ﬁe“rlt§<e ), tenl,(n+1)T],

0<nT<t 1-6
(24)
which leads to
e—rlt n
tgngon (t,0) = tlirrgo< - 8) =0. (25)
Thus,
|x (£) = x" (t)]
|t
Cu@) ur () (26)
n(t,0) |u(0%) —u” (07)]
= — 0, ast-— o0o0.

u(t)u” (t)

That is, the positive periodic solution,
rn(1-8-exp(-nT))

d, (1-8-exp(-nT))+8exp(-r, (t —nT))’

teT,(n+1)T],
(27)

x" () =

is globally asymptotically stable. O

3. Main Results

Theorem 6. If e, < e,e;, then for each solution X(t) =
(x(t), y(t), z(t)) of system (2), one has

2 2
+ —
x(t) <M, 2 (’z ) (m-r) ’
md, 4dme,d,
2 2
L a(m+r) (m—r,)
y® 2 4md, i 4md,
2 2
. ees(m+ry) (m—r,)
)< My 2 ,
2 () } 4md, *és 4md,

when t is large enough.

Proof. Let X(t) = (x(t), y(t), z(t)) be any solution of system
(2) with initial condition (3), and we define

W(t)=eex(t)+esy(t)+z(t+71). (29)
Then,
d_W B B _ dye1e3X )z (1)
i ejesx (t) (r; —dyx(t)) —b2 e
t t
—ryesy (t) — dyesy” () + ‘%fox)(zt)( o

-mz(t+1),
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which yields
dw
—| +mW ()
dt |

=eesx(t) ((r; +m) —dyx(t)) +e;(m—r,) y(t)

a, (e, —eje;) x (£) z (t)
b, + x(t)

—esdyy” () +
(31)
< eje, ((rl +m)x(t) - d,x* (t))

) ((m —1) y(t) - dz)’z (t))

2 2
< ejes(m+r,) +e3(m—r2) s

< L.
4d, ad,

On the other hand, by a simple calculation
W (") =(1-8)eesx(t) +esy(t) +z(t+71)
<eex(t)+esy(t)+z(t+71) (32)
=W ().

Therefore,

aw

E <-mW(@t)+L, t+nT,

&) (33)
W(t)<W (@), t=nT, neN".

By Lemma 2.2 in [14] we have

t
W(t)=W(0")e™ + J- Le ™9 s
’ (34)
cw(ohem+ L
m m

as t — 00,
which leads to

x(t) <

L
=M, y({t) < — =M,,
me, e, me;

(35)

L
z(t) < — = M,.
m

This completes the proof of this theorem. O

Now we begin to study the global attractivity of predators-
eradication periodic solution (x*(£), 0, 0) of system (2), which
is the circumstance when both of the predator individuals are
entirely absent from the system ultimately; that is, y(t) = 0
and z(t) = 0.

Theorem 7. If system (2) satisfies 8 < 8" and the following
condition (HI):

T<T' 2 min {l Iy 1613~ 11y~ d\byr, (1-9) :
r (1-0)(rea —nr,-dbr,)

1 1 1629 — My — md, b, (1 -6)
r (1-08)(rie;a, —mry —mdby) |’
(36)

then the predators-eradication periodic solution (x*(t), 0, 0) of
system (2) is globally attractive.

Proof. By the first equation and the impulsive effect, we have

d—fo(t)(rl—dlx(t)), t+nT, ne N*,
x(t)=01-8)x@®), t=nT, neN", (37)
x(07) = xq,

whose comparison system is (10).

Then, by comparison theorem (Lemma 3) of impulsive
differential equations, there exists an arbitrarily small positive
€ > 0 such that

x(t) <x*(t) +es (38)

when t is large enough.
This yields

r(1-6-exp(-rT))
d, (1-8-exp(-nT)+8exp(-nT))

tlim sup x (t) <

(39)
Hence, there exists a positive integer n, € N and
arbitrarily small positive &; > 0 such that
r (1-8-exp(-nT)) .
t) < +e 2,
*(0) d,(1-8-exp(-nT)+d8exp(-nT)) a =
(40)

forallt > mT.

On the other hand, since condition (H1) holds, then
eya 1, /(b +1,) < r, for above & > 0 small enough.

At the moment, from the second equation of the system
(2) we have

dy eam 2
— < —y () - t)—d t
dt < bl +7’]1y( ) rZy( ) 2)’ ( ) (41)
e an 2
= — - t)—d t 0.
<b1+711 rz)y() Zy()<
Then,
Mim y (1) = 0. (42)

Then there exist T; > 0 and &, > 0 small enough, such
that

0<y(t)<eg, VE>T, (43)

and it follows from the last equation of system (2) that

d_Z < (3202’71 n
dt b+

@)Z(t_f)_mz(t), (44)

b +¢,

when ¢ > max{T},n, T} + 7.



For above arbitrarily small positive ¢;, €, small enough,
since condition (H1) holds, then

e €,0,€
2‘12’71+ 3hE

by+m bi+e (45)
By Lemma 4, we have
Jim z (6) = 0. (46)

Then for above &, > 0 small enough, there existsa T, > T
such that

0<z(t)<eg, VE>T,. (47)

On the other hand, combining the first equation of system
(2) with (43) and (47), we have

dx
dt

a & 25X
12+ 2¢2

> x(t) (ry ‘dlx(t))_< b b ) (48)

=x(t)(y, —dx (1),

fort > T,, where

R a
Y1=”1_<b_i+1%>82~ (49)
Note that the corresponding comparison system of (48) is
d
d_Ltt =u(t)(y, —du(t)), t+nl,
u(t)=1-8)u(), t=nl, nenN:, 00

u(0") = x,.

By Lemma 5, if § < 8%, system (50) also has the following
positive periodic solution:

Y1 (1-8—exp(-yT))

u' () = ;
dy (1-6—-exp (- T)+exp(—y, (t —nT)))
(51)
which is globally asymptotically stable.
Thus, by Lemma 3 again we have
x()>u"(t)—-¢, (52)
for above arbitrarily small € > 0 as t is large enough.
Lete, — 0, and then
. a, a
yl:rl_(b_1+b_j>82_)rl’ (53)
thatis, u™(t) — x*(t).
At this time, it follows from (38) and (52) that
x"()—e<x(t)<x"(t)+e (54)
Thus, for t > T, large enough, we have
Jim o (£) = x7 (£) . (55)

Combined with (42), (46), and (55), we have proved that
the predators-eradication periodic solution (x*(¢),0,0) of
system (2) is globally attractive. O
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Corollary 8. If system (2) satisfies § < 8" and

N
(”161‘11 I - ”zb1d1) q

>

8> A" = max -
riea, — 1, — r,bd; 8

(56)

(rie,a, — mry —mbyd,) 8"
rie,a, — mry —mb,d,6* |’

then the predators-eradication periodic solution (x*(t), 0, 0) of
system (2) is globally attractive.

In fact, if the conditions of Corollary 8 hold, then

(riea, — mry —mbyd,) 8"

o> s (57)

*
rie,a, —mr; —mbyd, 8

N
(71‘31“1 Ny - 7’251611) q

o> (58)

riea, — i1, — r,bd,;6*
It follows from (57) that

(rie,a, — mry —mbyd;) 8" + md b,68" < (r,e,a, —mr,) 8,

(59)
which yields
o < (re,a, —mr,)d . (60)
rie,a, —mr; —mbyd, (1 -9)
Note that
8 =1-¢"7, (61)
and then
T s (1-0) (re,a, — mry = mbldl)_ (62)
rie,a, —mry —mbyd, (1 - 6)
That is,
T < 1 Iy 1618~ ity - d,byr, (1-9) 63)

rn (1=08)(rieia —rr, —dibiry)
In the same way, from (58), we have another inequality:

T < 1 1 _TL€2% — Iy md, b, (1 -9) .
ri o (1-298)(re,a, —mr; —md,b;)

(64)

Therefore, all the conditions of Theorem 7 hold, and then
the predators-eradication periodic solution (x*(¢),0,0) of
system (2) is globally attractive.

Remark 9. From Theorem 7 and its sufficient condition
Corollary 8, if § < &%, T < Ty, or A* < § < &%, then
the natural enemies (both of the predators’ population) in
the model are extinct while the pest population is still not
controlled when the pest population is poisoned exclusively.
From the viewpoint of ecosystem and protecting the variety
of the rare species, we only need to control the pest population
under a certain threshold level and should not eradicate the
enemy population. That is, the pest population and the enemy
population can coexist when the pest cannot cause immense
economic losses, so it is more important to consider the
uniform persistence for the system.
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Theorem 10. If system (2) satisfies e, < e,es, 8 < &, and the
following condition (H2):

T>T,
2 max 1 In 0, (e;a, —m) — md, b, .

- 0, 0, (1-0)(eya, —m)—md,b,’

1

9. In ( (0, (bsera, — byr, — asM;)
p)

- byd, (byr, + a;M;))

x (8, (1 - 0) (bse,a; — byry — a;M;)

~byd, (bsr, + a3M3))_1) } >
(65)

whered = 1-e T, y* = r, - (a,M,/b, + a,M,/b,), 0, = r, -
a, M, /b,, and 0, = r,—a, M, /b,, then system (2) is permanent.

Proof. From Theorem 6, we have obtained the upper bound
of each solution X(t) = (x(t), y(t), z(t)) of the system (2) with
t large enough. Thus, we only need to search for the lower
bound of the solution in the following.

In fact, from the first equation of system (7), we have

> x () (ry - dyx () - <“le 4 M ) x (£)
(66)

ax
dt b b,

=x@®)(y" -dx(t)).

By the comparison theorem (Lemma 3) we have x(¢) >
vi(t) and v, (t) — () ast — oo, where v,(t) is the unique
and globally stable positive periodic solution of

% =v () (y" —dyvy (1), t#nl, neN"
v(t)=1-8)v(t), t=nT, neN",

V1 (0+) =Xy > 0,

_ y (1-8-exp(-y'T))
d, (1 -8 —exp(—y*T) + Sexp (—y* (t —nT)))
(67)

vy (1)

Therefore, for sufficiently large t, there exists a g5 > 0
small enough such that

V' (A-8-exp(='T))

FOEROTe T L ey BT

(68)

In the following, we will show that there exist two positive
constants #1, and m;, such that y(t) > m, and z(¢) > m; for
any t large enough.

Step 1. We begin to find an m, > 0 such that y(t) > m, for
any t large enough.

In order to achieve this goal, firstly we claim that the
inequality y(t) < m, cannot hold for all t > ¢,.

Otherwise, if y(t) < m, for allt > t,, then from the first
equation of (2),

aym, a,M;

dx
n >x(t)(r, —dx(t) - ( b + b—2>x(t) )

=x®)(y, —d1x (@),

where

am,  aM; >
=7 - + = . (70)
=" < b, b,

Therefore, there exists a ¢, > 0 small enough and a T; >
t,, such that, for t > T5,

(1-8-exp(-nT))
dy (1-exp (-p,7))

x(t) 2V, (t) —g > g 21, (71)

where

Y2 (1 -8 —exp (-1,T))
dy (1-8 —exp (-9,T) + S exp (~y, (t - n1)))
(72)

v, (t) =

When condition (H2) holds, we can choose m,,e, > 0
small enough such that
a; M

(n+1)T e.a

UI:J (M———rz—d2m2>dt>0. (73)
nT b+, bs

Then at this time, from the second equation of system (2),

- % -1, - d2m2> y (). (74)

ﬂ S (61611’72
b +1, b,

dt

Letn; € N*, N;T > T, and integrate (74) on (nT, (n +
1)T7, and we can get

y((n+1)T)

>y (nT")

x J(HH)T < eqr,  azM;
ex ——
P nT b +1, b,

= ynT)exp (o).

-1y - d2m2> dt)

(75)

Then y((N; + k)T) > y(N,T) exp(ko;) — +ocoask —
+00, which is contradicted with y(¢) < M,.

Hence, there exists a t, > t; > 0, such that y(t,) > m,.

If y(t) > m, for all t > t,, then our aim is obtained.

Otherwise, if y(t) is oscillatory around m,, let

M
m, = min{%,mzexp <_<a3b > 41, +d2m2>T>}.
3

(76)




And we assume that there exists two positive constants
t, (> t,) and w; > 0 such that

y(t) =y (t +w) =m,,
B B (77)
y(t) <m, fort, <t<t +uw.

Since y(t) is continuous, bounded, and not affected by
impulses, we conclude that y(¢) is uniformly continuous; then
existsaT, > 0 (with 0 < T, < T and T, is independent of the
choice of ;) such that y(t) > m,/2 forallt; <t <, +T,.

Ifw, <T,, then y(t) > m,/2 > m, forallf; <t <t +w.

If T, < w; < T, then, from the second equation of (2),

d M _ _
24 2—<a3 2 +r2+d2m2>y(t), for t; <t <t;+uw.
dr b,
(78)
Integrate (78) on [f,,t] (f <t < T), and we have
- aM _
y(t) = y(t)exp (‘( 3b 241y + d2m2> (t- t1)>
’ (79)

M
Zmzexp<—<a3b 2 +r2+d2m2>T> > m,.
3

IfT, < T < wy, from the second equation of (2), we can

also obtain
y(t)=2m, Vi <t<t +T. (80)

Proceeding exactly as above analysis, we can conclude
that y(t) > m,, fort, + T <t <t; + w,. ~

Thus, no matter which case we have y(t) > m, forall £, <
t < t,+w,, since the interval [t,, t, +w, ] is arbitrarily chosen,
then there exist 71, > 0, such that y(t) > m, for t is large
enough.

Step 2. Now we try to find an #1; > 0 such that z(t) > m; for
all t is large enough.

In the same method, we claim that the inequality z(¢) <
m, cannot hold for all t > t,.

Otherwise, if there exists a t; > 0 such that z(t) < m; for
all t > t; + 7, then by the first equation of (2),

X B (M, aymy
’n >x(t)(r, —dx (1)) <_b1 b, >x(t) -
=x(t)(y; —d;x (1),
where
y3=r1—<alb—]:42+%>- (82)

Therefore, there exists a &5 > 0 small enough and at, >
t; + 7, such that for t > t,,

¥ (1 -8 —exp (—y37))
d, (1 -exp (-5T))

x(t)=2v5(t) —& > —& 21,

(83)
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where

Y3 (1 -8 —exp (-y5T))
d (1 -8 -exp (_Y3T) +dexp (_Y3 (t- ”T))).
(84)

V3 (t) =

Now we define a Liapunov functional

— ' oeax(s)z(s) b oeyasy(s)z(s)

V() =z(t)+ L_T b x () ds + LT ST ds,
(85)

and then

d_V [ eaax(t)  ezasy(t) ~ >

dt <2>_<bz+x(f)+b3+y(t) ") (86)

> <M - m> 2(0).
b, +1;

When the condition (H2) holds, we can choose &5 > 0
small enough such that

S

b, + 15

_ 8% (y3(1 -8 —exp (_Y3T)) /d, (1-exp (_Y3T)) - 55)
by +y; (1 -0 —exp (—y;T)) /d, (1-exp (=y5T)) — &5

-m> 0.

(87)
Letz" = min,(, ; 2(t), and we claim that

z(t) 225 V>t (88)
Otherwise, if there exists a nonnegative constant f; > f, +
7 such that
L L
z(ts)=z", z@)=z" forte [tyts],
(89)
z(tg) <0.

When t > t5 > t, + 7, from the last equation of (2), we
have

z(r)z(w—m)z(t). (90)
b, + 11
Thus,
. IR 6,13 L
t = - = >
£() 2 (P20 ) 2e) = (222 -m) 2, o0
which is a contradiction.
Therefore,
av ( e,a,x(t) esazy(t) )
—| = + -m |z (t)
dt ) b2 + X (t) b3 +y (t)
(92)
> (M—m>zL >0, Vt>ts.
b, + 115
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which implies V()
contradicted with

— +00, as t — +00, and this is

e,a, M, Mst
b, + M,

esas M, M;T

V(t) < M; +
® 3 by, + M,

(93)

Therefore, z(t) < m; cannot hold for all t > ¢5, and there
are two cases as follows.

If z(t) = m; for all t > t5, then our aim is obtained.

Otherwise, if z(t) is oscillatory around m;, when t is
sufficiently large, let

m; = min {%, M5 exp (—m‘r)} , (94)

then we can show that z(t) > m1; as t is large enough.
In fact, suppose there exist two positive constants ¢, >
0, w, > 0, such that

z(t;) =z (t, +w,) = m,
~ ~ (95)
z(t)<my fort, <t<t,+w,.

Since z(t) is continuous, bounded, and not affected by
impulses, we conclude that z(¢) is uniformly continuous; then
exists a T > 0 (with 0 < T5 < 7 and T is independent of the
choice of t,) such that z(t) > m;/2 forallt, < t < t, + Ts.

Ifw, < Ts, then z(t) > m;/2 > m; forallt, <t < t,+w,.

If T; < w, < 7, then from the last equation of (2),

d _ - -
d—jz—mz(t), fort, <t<t,+w, <t,+T. (96)

Integrate (96) on [t,,t] (t < t < 7), and we have

z(t) 2 z(t,) exp (-m(t — t,)) = my exp (-m1),
97)
fort, <t <t,+w,.

If T < 7 < w,, from the second equation of system (2),

we can also obtain
z(t) >2myexp(-mt), fort,<t<t,+7. (98)

Proceeding exactly as the proof for above claim (88), we
can obtain z(tf) > mj;exp(-mr) for all t > £,, then z(t) >
myexp(-mt) >m, fort, <t <t, +w,.

Thus, no matter which case we have z(t) > 1, forall £, <
t < t,+w,, since the interval [t,, f, +w,] is arbitrarily chosen,
then there exist 71; > 0, such that z(t) > i, for ¢ is large
enough.

Set Q@ = {(x,y,2) | m; < x(t) < M;,m, < y(t) <
M,,m; < z(t) < M;}. From above proof, we know that
Q is the global attractor, and each solution of system (2)
will eventually enter and remain in region Q. According to
Definition 2, system (2) is permanent. ]

In a similar way to the discussion of Corollary 8, we
can obtain the following two sufficient conditions for the
permanence.

9
Corollary 11. If system (2) satisfies e, < e,e5 and
5 < min {1 0,e,a, — ml, — mb,d,
6, (ea, —m)
(0,61a,b5 — O,e5M; — 0,1,
(99)

- bidiesM; — byd,byr,)
x (0,(eya,by — esM; — bzrz))_l} 5,
where, ), 0,, and y*, 8 is the same as Theorem 10, then system

(2) is permanent.

Corollary 12. If system (2) satisfies

1) e2}<l

R} = max — T
1—e" ee

%

N {61 (ezaz—m)(S—S)
mb,d, 8 ’

0, (e;a,b; — esM5 — byr,) (5—5) .
bid, (e;M; + byry) & ’
(100)

where 0,, 0, and y*, & is the same as Theorem 10, then system
(2) is permanent.

4. Numerical Simulations and Discussions

In this paper, we consider a food-chain prey-predator system
with digest delay and impulsive harvest on the prey. Our main
aim is to investigate how the impulsive harvest and digest
delay affect the dynamical behavior of the system. Especially,
we focus on the suitable impulsive period so that we could
guarantee that the predators will not be extinct before the
prey. Furthermore, we are also concerned when the system
will be permanent and how to control the population of the
prey (pests) under a certain economic threshold level (ETL).

In the following, we will verify our main results by
numerical simulation.

Case 1. If we choose r; = 0.98,r, = 0.05, d; = 0.001,
d, = 0.01,a, = 0.02,a, = 0.03,a, = 0.0, ¢, = 4, ¢, = 0.8,
e, = 2.131,b, =30,b, = 50,b, = 1.5, m = 0.02, 7 = 0.1,
6 = 0.856, and T = 2 with initial conditions x(0) = 5,
¥(0) = 3, and z(0) = 0.5, it is easy to calculate §* = 0.8591,
T, =2.008,and § = 0.856 < 8", T = 2 < T}, which satisfies
the condition of Theorem 7. From the time-series diagram of
x(t), y(t), and z(t) (see Figures 1(a), 1(b), and 1(c)), we can
see that the predators y(¢) and z(t) become extinct while the
prey population (pests population) is much more than the
initial x(0) = 5, and Figure 1(d) is the phase portrait of this
circumstance. This means that when we capture or poison the
pests more frequently, natural enemies will become extinct
before the pests while the number of pests may increase than
before.
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FIGURE 1: The dynamics of system (2) with the impulsive control strategy with x(0) = 5, y(0) = 3, and z(0) = 0.5 and r; = 0.98, r, = 0.05,
d, =0.001,d, = 0.01,a, = 0.02,a, = 0.03,a, = 0.01,¢, =4, e, = 0.8, e, = 2.131, b, = 30, b, = 50, b, = 1.5,m = 0.02, 7 = 0.1, 5 = 0.856, and

T =2.

Case 2. If we choose r; = 1.96,r, = 0.05,d, = 0.3,d, = 0.01,
a, =2,a, =0.05a; =0.01,¢e =4,e =2,e; = 2.660201,
by =20,b, = 16,b; = 10, m = 0.02, 7 = 0.5,8 = 0.8,
and T' = 20 with initial conditions x(0) = 5, y(0) = 3, and
z(0) = 0.5, which satisfies the condition of Theorem 10, then
from the time-series diagram of x(t), y(t), and z(¢) we can
see that the system is permanent, and all of the population
can coexist in this case. From the phase portrait (Figure 2(d))
we can see there is a periodic solution. Moreover, if we set the
economic threshold level ETL = 1.2 (which is much less than
the initial value x(0) = 5), and from Figure 2(a), we can see
that the pests population is less than ETL ultimately. That is
to say, our control strategy is effective.

On the other hand, the selection of the economic
threshold level (ETL) is closely related to the dynamical
behavior of the pest population, especially to the maximum
population after a period. Therefore, when the conditions
of the permanent theorem (Theorem 10) hold, from the first
equation of system (2), we can change some of the parameters

of system (2) to decrease the economic threshold level, such as
decreasing the value of parameter r; or increasing the value of
parameter d,. To verify this point, we consider the following
Case 3.

Case 3. If we choose r; = 1.86 < 1.96,d, = 0.36 > 0.3
while the other values keep the same as Case 2, and plot
the time-series of the pest population (see Figure 3(a)), it is
obvious to see that the pest population can be controlled
under a new ETL = 1.05, which is lower than the previous
ETL = 1.2. Furthermore, multiple periodic solutions or
periodic oscillations appear from the phase portrait at the
moment (see Figure 3(b)).

5. Conclusions and Discussions

In this paper, we investigate the dynamics of a three-
dimensional food-chain system incorporating digest delay
and periodic harvesting for the prey. The value of our study
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FIGURE 2: The dynamics of system (2) with the impulsive control strategy with x(0) = 5, ¥(0) = 3, and z(0) = 0.5and r, = 1.96, r, = 0.05,
d, =03,d,=001,a, =2,a =005 a, =001,e =4,e, = 2,e, = 2660201, b, = 20,b, = 16,b, = 10, m = 0.02, 7 = 0.5, 8 = 0.8, and
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FIGURE 3: The dynamics of system (2) with the impulsive control strategy with x(0) = 5, (0) = 3, and z(0) = 0.5 and r, = 1.86, r, = 0.05,

d, = 035,d, = 0.01,a, = 2,a, = 0.05,a, = 001, e, = 4, €, = 2, e; = 2.660201, b, = 20, b, = 16, b, = 10,m = 0.02, 7 = 0.5, 5 = 0.8, and
T = 20.
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lies in two aspects: mathematically, we prove the existence
of a predators-eradication periodic solution which is globally
attractive and show that the pest population can be controlled
under the economic threshold level (ETL) and the system
can be uniformly permanent when the harvest period T
is long enough or the harvesting rate & is not too large.
Biologically, we succeed to find some strategies to control the
population of the pests under a certain economic threshold
level (ETL) and provide some reasonable suggestions for
relevant ecological departments by these conclusions.

However, these control conditions are sufficient and
tedious; then how to obtain some simpler and more extensive
control conditions is desirable in future studies.
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